Abstract The present study was carried out to study the physico-chemical changes that take place in both product and oil during the deep fat frying of a traditional savoury snack 'kodubale', at 120-160°C for 120-600 s using coconut oil (CO) and nutra-coconut oil (NCO). Further, kinetic studies on moisture loss, oil uptake, color and degradation of b-carotene, total polyphenol content and antioxidant activity for kodubale was carried out during frying as a function of temperature and time. The study showed that the kinetic coefficients for above parameters increased with temperature and time and the data obtained were well fitted with first order kinetic model. The results also revealed that NCO fried product retained major phenolic acids due to the presence of antioxidants in the NCO which was enriched with flaxseed oil concentrate. The fatty acids profile of oil extracted from products obtained by frying using NCO was characterized with higher x-3 and x-6 fatty acids content as compared to same obtained using CO. However, the breaking strength and sensory characteristics of CO and NCO fried kodubale was found to have no significant difference (p \ 0.05).
Introduction
Recent consumer trends towards healthier fried foods had a substantial impact on snack food consumption which bestowed a massive growth of snack food market in the world. Deep-fat frying is one of the oldest processes of food processing (Stier 2004) . Deep-fat frying not only fastens the food preparation by engrossing it into the hot oil but also delivers all the desirable characteristics such as flavors and texture in the fried product (Moreira et al. 1999) . Frying involves simultaneous heat and mass transfer diffusion process in which oil provides an effective frying medium resulting in physico-chemical changes (Choe and Min 2007) . During frying moisture is converted into vapour and its subsequent condensation during post frying stage results in entry of oil into the product with the development of negative pressure in the evacuated pores of the product (Krokida et al. 2000; Moreira et al. 1997) . The kodubale is a popular traditional spicy fried snack food in India (Kumar et al. 1993 ) that compliments with tea or coffee. The coconut oil, containing 92% of saturated fatty acids is used as edible oil in South India especially in the state of Kerala and southern part of Karnataka (Gopala Krishna et al. 2010) . The suitability of coconut oil as frying medium is well explored. However, coconut oil lacks in x-3 and x-6 fatty acids and oil soluble vitamins, which needs to be supplemented through blending or other means, such as enzymatic interesterification. On the other hand, the flaxseed oil contains significantly higher amount of x-3 and x-6 fatty acids and has several health benefits (Aliani et al. 2011) . The oil seeds cake, a by-product of vegetable oil industry has anti-oxidative phytoceuticals and anti-cancerous molecule (secoisolariciresinol). Therefore, it is required to elevate x-3 and x-6 fatty acids in coconut oil and incorporate anti-oxidative phytoceuticals by utilizing the by-product, extract of oil cake.
The key characteristics of any fried product is its quality and acceptability which is mainly governed by chemical, physical and biological reactions during processing. Kinetic models can be employed to describe the influence of processing on essential quality parameters. These models are helpful in predicting the kinetic parameters as a function of frying time and temperature. During frying, the bioactive compounds get absorbed into the product. The condensed vapours in the presence of oxygen initiate complex chemical reactions resulting in deterioration of fried oil quality and higher oil uptake by the fried product. Despite yielding desirable flavor and color, frying can also impart adverse effects, such as degradation of bioactive components (polyphenols and b-carotene) in the oil/product at higher temperatures (Andrikopoulos et al. 2002; Paulo et al. 2008 ). Many studies have been reported towards the changes in frying oil, during heating of oil and frying (Stier 2004; Debnath et al. 2012a, b; Alireza et al. 2010 ). However, reports on the nutritional availability and status of phytoceuticals absorbed in the fried product are scanty. Hence, it is worth investigating the status of health promoting phytoceuticals in the fried foods. In view of the above discourse, the objective of the present investigation is designed to explore the physico-chemical changes and degradation kinetics of bioactive phytoceuticals during frying of snack food using coconut oil and nutra-coconut oil as frying medium.
Materials and methods

Procurement of raw materials and sample preparation
Bengal gram flour, coconut oil (CO), rice flour, flaxseed, spices and salt were procured from the local supermarket. The nutra-coconut oil (NCO) was prepared by blending CO and solvent extracted flaxseed oil in 70:30 ratio with addition of solvent extracted flaxseed oil cake concentrate (3000 ppm) using homogenizer (Heidoiph, RZR 2020, Germany) (30 min, 1500 rpm) at room temperature (Faiza et al. 2016) . The dough was prepared by blending Bengal gram flour (750 g), rice flour (150 g), salt (50 g), chilli powder (50 g) and spices (20 g), adding water (400 ml) followed by mixing. The dough was made into thick cylindrical threads using low-pressure pasta making machine (La Prestigiosa, Italy), cut with the help of a sharp edged blade and made into toroidal shape (raw kodubale). Outer and inner diameter of kodubale varied between 1.7-2.2 and 1.2-1.6 cm, respectively.
Deep fat frying
The kodubale was prepared by frying using CO or NCO (sample: oil ratio: 1:20) in an electrical table top deep fat fryer (Mini master fryer, Continental India, Bangalore, capacity 5 l) at (120-160°C) for (120-600 s). The oil was preheated at the set temperature to ensure uniform and constant frying temperature. Oil temperature was controlled using thermostat fixed to the fryer and monitored with digital temperature indicator. The sampling was done by taking products at different time interval and allowed to cool at room temperature (25 ± 1°C) before packing it in air tight opaque blow molded HDPE containers of 200 g capacity and stored at refrigerated temperature. The CO and NCO fried kodubale were dissolved in hexane for the extraction of oil which was recovered by evaporating the hexane using Rota-vapor (Buchi, Switzerland) . The hexane extracted oil obtained from product was stored in air tight HDPE containers at refrigerated temperature and further used for quality analysis (Debnath et al. 2012a, b) .
Modeling of kinetic parameters
First order kinetic rate equation was employed to calculate moisture loss (k m ), oil uptake (k o ). The kinetics of degradation for b-carotene (k b ), total polyphenol contents (k tpc ) and anti-oxidant property (k AO ) were evaluated using first order reaction (Eq. 1). The change of color of kodubale, during frying, was described by using first order rate equation (Eq. 1) (for L*, b* and DE) and zero order rate equation (Eq. 2) (for a*) as furnished below:
where C o is the initial concentration of reactants, C is the concentration of reactants at time t, and k is the reaction rate constants for first order (Eq. 1) and zero order rate of reactions. For the approximation of the mass transfer of moisture and oil flow, first order mass transfer equation Eqs. (3) and (4) were adopted, respectively (Krokida et al. 2001a, b; Manjunatha et al. 2014) .
where K m and K o are the kinetic coefficients for moisture and oil transfer, respectively. The m ? and o ? are the pseudo-equilibrium moisture and oil content. The consideration of pseudo-coefficients was due to the nonexistence of equilibrium during frying process although the system conducts in an equilibrium state because of mass transfer alterations occurring in the product during frying which hinders the rate of flow of moisture and oil. The moisture ðM r Þ and oil ðO r Þ ratios were calculated using initial and equilibrium moisture and oil contents. The K m and K o are predicted from the slopes of plot of À ln ðM r Þ and ln ðO r Þ against time (t). The temperature dependency for b-carotene, total polyphenol content, antioxidant activity degradation and color parameters were quantified by the following Arrhenius equation (Eq. 5):
where k is the reaction rate constant (s -1 ), k o is the preexponential constant (s -1 ), E a is the activation energy (kJ/mol), R is the universal gas constant (kJ/mol K) and T is the absolute temperature (K). Degradation coefficients are calculated by plotting the natural logarithm of particular parameter against frying time for each temperature.
Quality analysis
Physico-chemical properties
Saponification value, iodine value, acid value, free fatty acids and peroxide value were determined using the International Union of Pure and Applied Chemistry (IUPAC) method (2.202, IUPAC 1979) .
Apparent viscosity of oil
The apparent viscosity of CO and NCO was measured using controlled shear-stress viscometer (Rheolab, Antonpaar, Austria) consisting of coaxial cylinder at a shear rate of 80 s -1 at 25 ± 1°C. The temperature of the oil was maintained by thermostatically controlled water bath.
b-carotene of oil
Analysis was carried out by dissolving 5 mg of b-carotene in 50 ml of acetone. Different concentrations were prepared from this stock solution and volume made up to 10 ml with acetone. Similarly, equal amount of oil and acetone were added for sample preparation and absorbance of the solution was read using spectrophotometer (UV-1800, Shimadzu Corporation, Kyoto, Japan) at 446 nm (Myer 1966) .
Total polyphenol content of the oil
The total polyphenol content in extracted oil sample was estimated by colorimetric assay based on procedures described by Jayaprakash et al. (2001) .
Anti-oxidant activity using DPPH
Antioxidant activity of oil sample extract was determined according to antioxidant assay method using DPPH* (William et al. 1995) . For a typical assay DPPH* reagent was prepared by dissolving 2.4 mg DPPH* in 100 ml methanol. Stock solution of sample (50 mg/15 ml MeOH) was prepared. About 3.9 ml of DPPH* reagent was pipetted into test tube containing 0.1 ml of sample stock. Absorbance of the solutions was recorded at 515 nm using spectrophotometer (UV-1800, Shimadzu Corporation, Kyoto, Japan) by taking measurements at 0, 5, 10, 20, 25 30, 40, 50, 60 and 90 min until the absorbance value reaches plateau. Methanol was used as control. The % antiradical activity is calculated as follows:
Antiradical activity ð%Þ ¼ ðControl absorbance À Sample absorbanceÞ Ã 100 Control absorbance ð6Þ
Phenolic acids
Phenolic acids and lignans were isolated from the deep fat fried kodubale by solvent extraction using Soxhlet apparatus. These samples were dissolved in methanol, followed by acid hydrolysis to release aglycon and filtered through 0.2 lm inorganic membrane filter. Phenolic acids standards such as ferulic acid, sinapic acid, coumaric acid, chlorogenic acid and secoisolariciresinol were injected and peak areas were compared relative to known concentration for each phenolic acid that matched the retention time of the concentrates. The separation of phenolic acids was carried out using 20 D HPLC system with a microsorb instrument, C18 reverse phase column (25 cm 9 10 mm i.d. 5 lm particles), protected with a guard cartridge. Detection set at 280 nm to monitor lignans and phenolic peaks were scanned. Elution was done with a flow rate of 0.6 ml/min using following solvent systems: solvent A = water/glacial acetic acid (99.8:0.2 v/v) and solvent B = acetonitrile. An initial ratio of 70A:30B was followed by a linear gradient to 50A:50B, over 55 min, then back to 70A:30B, to reach equilibration of the system over 5 min. Phenolic acids were expressed as lg/100 mg (Meagher et al. 1999) .
Fatty acids
The kodubale obtained during frying using CO and NCO were dissolved in hexane for the extraction of oil. The oil was recovered by evaporating the hexane using Rota-vapor (Buchi, Switzerland) . About 100 mg of oil sample was collected and dissolved in 2 ml of hexane. To this 2 ml of 0.1 M methanolic KOH is added followed by swirling for 30 s. The mixture was heated on water bath at 50-60°C for 10 min, allowed to cool and added with 2 ml of hexane. Top layer was collected and injected into GC (IUPAC 1987) . Fatty acids were analysed using GC (model GC-15A, FID, data processor, model CR-4A, SS column, 3 m length 9 0.5 mm i.d., 15% DEGS, 60-80 mesh Chromosorb WAW, Shimadzu Corporation, Kyoto, Japan). The GC was run at column temperature 180°C, injector temperature 220°C, detector temperature 230°C, N 2 flow of 40 ml/min, H 2 flow of 40 ml/min, air flow of 300 ml/min. The fatty acids were detected by comparing retention times of standard fatty acid methyl esters.
Moisture content of product
Moisture content of deep fried kodubale was determined (AOAC 2005) by drying the samples in a hot air oven at 105°C for 6 h until they reach to a constant weight.
Oil content of product
Oil present in the fried product was estimated using AOAC (1995) method. Soxhlet fat extraction apparatus was used for the extraction of fat at 80°C for 6 h using hexane. After extraction of oil evaporation of the solvent was performed using hot air oven at 105°C for 1 h. The oil content was determined by weight difference.
Colour characteristics of the product
Colour parameters (L*, a*, b*) were measured with a colorimeter (CR-310, Minolta Co., Ramsey, NJ, USA). The illuminant used was D65 and standard observer was set at 10°. The instrument was standardized with a white and black ceramic plate prior to measurement of kodubale samples. Samples were placed in the transmission compartment using transparent petri dish and evaluated at different locations to determine the L*, a*, b* values. Average of ten trials is reported. Colour changes during frying were calculated using standard first order (Eq. 1) and Zero order (Eq. 2) equations. Temperature dependency of colour parameters were determined by Arrhenius equation.
Texture of product
The texture of kodubale were analyzed by means of the Texture analyzer (Model TA-HDi, Stable Micro System, Surrey, U.K.) using a load cell of 1KN. Breaking strength was measured for the annulus shaped fried sample mounted on a 3-point support. The cross-head speed was 50 mm/ min, respectively. The values reported were average of 10 replicates.
Sensory evaluation of product
The acceptability of the product was evaluated using hedonic scale test (Meligarrd et al. 1999) . Panels were selected from the institute (CSIR-CFTRI, Mysore, India) consisting of 10 members from different departments not having any kind of relationship with the present study, in order to avoid psychological bias. The quality attributes such as color, texture, appearance, flavor and overall acceptability were tested. The 7-point hedonic scale test was used (Ram et al. 2011) to ascertain the likeness of the products by the Panellists.
Statistical analysis
All the experiments were conducted in triplicates and the mean values with standard deviations were reported. Experimental data obtained were analyzed using Microsoft EXCEL and Statistica (Statistica, StatSoft v5.5, Statsoft Inc., Tulsa, USA). Coefficient of determination, R 2 was used as the primary criteria for adequacy to fit the kinetic models. The sensory attributes of kodubale obtained using frying with CO and CNO and variation among the groups are interpreted with Duncan multiple range test using SPSS software (Version 16 for windows, SPSS, Inc, Chicago, IL). Statistical significance was estimated at 0.05 probability level.
Results and discussion
Physico-chemical parameters of oil
Deep fat frying leads to formation of primary oxidation products (hydroperoxides) and subsequently decomposes to yield secondary oxidation products (carbonyl, alcoholic compounds and acids) (Shyu et al. 1998 ). The free fatty acids formed are monitored by acid value (AV) and peroxide value (PV) indicate the production of primary oxidation products which act as index for ascertaining the early stages of oxidation of fats and oils during frying (Amany et al. 2012) . The acid values of CO and NCO increased with temperatures and time and the variation was not significant (p \ 0.05). In NCO, the peroxide value was found to increase with temperature and time whereas in CO it remained unchanged. The mean values of AV and PV for NCO were found to be 0.42 (%) and 0.48 meqv. of O 2 /kg oil, respectively. Free fatty acids (FFA) are the reliable indicator for the oil quality (Debnath et al. 2012a) . FFA was found to increase in both CO and NCO with temperature and time but there was no significant (p \ 0.05) variation observed. The mean FFA values were found to be 0.23 and 0.19 mg KOH/g of oil for CO and NCO, respectively. Iodine value (IV) is used to determine the degree of unsaturation present in the fatty acids and to characterize the fats and oils (Alireza et al. 2010) . Mean iodine values were found to be 7.22 and 59.27 g I 2 /100 g of oil for CO and NCO, respectively. Saponification value (SV) indicated the average molecular weight of all the fatty acids. Higher values of SV for CO (253.7 mg KOH/g of oil) and NCO (232.29 mg KOH/g of oil) can be attributed to the presence of high quantity of low molecular weight triacylglycerols (Nehdi et al. 2011) .
The apparent viscosity of fresh CO and NCO were observed 0.0394 and 0.0405 Pa s, respectively. The slight change in flow behavior was strongly influenced by the unsaturated fatty acids in NCO (Kim et al. 2010) . Further as the frying proceeds, oils are exposed to oxygen at higher frying temperatures leading to increase in viscosity due to the formation and accumulation of undesirable components (suspension of food elements or thermal and oxidative degraded products) (Li et al. 2015) . A significant variation in viscosity of oils (Table 1 ) and higher oil uptake by the product (Table 4) (Kim et al. 2010 ) was observed.
Changes in color of the product
The frying temperature of oil has negative effect on L* value of both CO and NCO fried kodubale, as the temperature of frying increases lightness decreases with time due to commencement of maillard reaction during frying. Kinetic reaction in kodubale obtained during frying using both CO and NCO followed the first-order equation showing desirable higher R 2 values indicating the best fit ( Table 2 ). The rate constant of lightness is found to increase with increase in frying temperature ( Table 2 ). The activation energy was found to be lower than the gulab jamun (43.52 kJ/mol) (Kumar et al. 2006 ) but higher than wheat-flour-based donuts (18.2 kJ/mol, (Velez-Ruiz and Sosa-Morales 2003). It was reported (Villota and Hawkes 1992) that the activation energy for non-enzymatic browning varies between (37-167 kJ/mol) and the values in this study were found within the range.
The a* values were found to increase significantly with temperature and frying time during frying, indicating the increase in redness of the savoury snack food. Zero order kinetic model was followed by a* value showing decreasing trend in the rate constant with increase in frying temperature. The accounted value of E a in the range of values (Table 2) as specified by Villota and Hawkes (1992) was found to close to the value 62.3 kJ/mol for hazelnut roasting (Ozdemir and Devres 2000) and higher than 16.9 kJ/mol for meatball frying (Ateba and Mittal 1994) .
The b* values were observed to decrease for the products obtained during frying using CO and NCO, indicating the decrease in yellowness of the snack product with increase in frying temperature (120-160°C) and positive effect on rate constant. The DE values also followed the same trend as that of b* values with increase in temperature. Activation energy of all the color parameters for both the CO and NCO fried products showed a close values. The E a value ( Table 2 ) for decrease of DE was found to close to E a of decrease in b* and rather lower than that of decline in L* and increase in a* ( Table 2 ). The increase in total color change of the product may be attributed to the higher frying temperature and lower moisture content, ensuring the beginning of non-enzymatic browning (Baik and Mittal 2003) .
Changes in fatty acids profile of CO and NCO during frying
The GC analysis was performed for the determination of fatty acid profile in the fried product using CO and NCO. About 91% of the total fatty acid is saturated in coconut oil and flaxseed oil contains 11% SFA and 70% of polyunsaturated fatty acids. The NCO fried kodubale was found to retain polyunsaturated fatty acids that were found lacking in CO fried product. The presence of x-3 (9.39%) and x-6 (18.09%) in NCO fried kodubale were ascertained (Table 3) .
Changes in total polyphenol content and antioxidant activity
Anti-oxidant properties of oil are associated with the total polyphenol content (TPC) (Esposto et al. 2015) . The polyphenol containing oils get absorbed accompanied by moisture loss condensation during frying results in the elevation of polyphenols in the fried product. On the contrary, loss of polyphenols due to oxidative alterations directs to have the opposite end result. From the above mentioned changes, the net effect appears to be a significant reduction in the TPC in CO fried and NCO fried product (Table 4 ). This may be due to temperature sensitivity and oxidative loss of the polyphenols during frying and the conclusion is affirmed by Andrikopoulos et al. (2002) . There was a severe loss of TPC observed for first 240 s. The TPC was found almost constant at the end of all the frying temperatures. Reduction of TPC was observed in the range of 50.36-78.50 and 17.99-74.45% for all the frying temperatures (120-160°C) studied for CO and NCO fried product, respectively. First order kinetic model was found to be well fitted explaining the degradation kinetics of TPC and anti-oxidant activity with high R 2 values. The degradation rate constants (k) were found to increase with increase in temperatures and remaining kinetic parameters are shown in Table 4 . The higher activation energy indicated its more temperature sensitivity of TPC and antioxidant activity. The loss of phytoceuticals is observed may be due to increase in temperature and interaction of water present in the kodubale (Amit et al. 2012; Debnath et al. 2012b ).
Changes in b-carotene
The b-carotene is the major carotenoid present in the oil which imparts color and stability. The effect of Linolenic acid (C-18:3) (x-3) -9.39 ± 0.1 frying temperature on b-carotene loss is significant. The b-carotene was found to degrade as the frying temperature increased with time may be due to its heatsensitiveness (Paulo et al. 2008) . The reduction of bcarotene in CO and NCO fried kodubale was found in the range of 49-66 and 24-47%, respectively. The bcarotene showed a higher degradation in CO fried product than NCO fried product. This may be due to presence of antioxidants in the NCO which was enriched with flaxseed oil concentrate. For each temperature plot of natural logarithm of b-carotene with frying time is shown in Table 4 and confirming that the response of b-carotene degradation followed a first order equation (Engin et al. 2013) . The kinetic parameters of b-carotene degradation in the product obtained by frying using both the oils are shown in Table 4 . The activation energies for CO and NCO fried product are 20.71 and 10.42 kJ/mol K, respectively, indicating higher retention of b-carotene in NCO fried kodubale.
Changes in phenolic acids of CO and NCO during frying
The secoisolariciresinol was found to be present in highest proportion in NCO fried product than the phenolic acids (chlorogenic acid, coumaric acid, ferulic acid, gallic acid, sinapic acid) (Table 5 ). In CO fried product most of the phenolic acids were not detected, and hence not presented in the Table 5 . At 140°C, kodubale was prepared using frying for 360 s and acknowledged to have highest retention of phenolic acids and lignans (Table 5 ). These bioactive compounds showed a declining pattern with increase in time and temperature of frying. This may be due to the heat sensitivity of phytoceuticals affected by frying temperature.
Moisture loss and oil uptake by the product
Oil uptake is considered as surface phenomenon resulting from the contest between drainage and suction into the product after removal from the fried oil. Accordingly, oil absorption is related to moisture loss which is affected with frying temperature and time (Manjunatha et al. 2014) . With increase in temperature moisture loss and fat uptake has been found to increase significantly (Fig. 1) . The kinetic coefficients for moisture and oil transfer were yielded by plotting the negative logarithm of moisture and oil ratio against frying time. The mass transfer coefficients for moisture loss and oil uptake for fried product obtained during frying using CO and NCO were found to increase with increase in frying temperature. From the Table 4 it can be observed that activation energies for moisture loss and oil uptake are not significantly different. Higher values of activation energy for moisture loss in case of NCO fried product than CO fried product can be attributed by materials having low moisture contents having a strong watersubstrate interaction (Saravacos and Maroulis 2001) .
Changes in texture of the product
Oil absorption and moisture loss are associated with crust formation. Remarkable crust formation in the external zone of the product during frying leads to increase the breaking strength of fried products as observed with time and temperature. It is observed (Fig. 2) that the breaking strength for both the deep fried products obtained using two different oils (CO and NCO) at different temperatures (120-160°C) and time (120-600 s) were found to have close values. Effect of fried oils on the hardness of the product was found to be not significant (p \ 0.05).
Sensory evaluation
The results of sensory quality characteristics like color, texture, flavor, taste and overall acceptability were presented in the Fig. 3 . The fried product obtained at each stage was subjected to panel members for sensory evaluation. The fried product obtained at 140°C for 360 s was found to be superior and acceptable by the Panellists. The attributes of the fried products obtained by frying using CO and NCO were found to be not significantly different (p [ 0.05).
Conclusion
In the present work, kinetics for the moisture loss, oil uptake and degradation of bioactive phytoceuticals in the snack food (kodubale) during frying with nutra-coconut oil were studied. The kodubale obtained during frying using nutra-coconut oil was found to enrich with several health protective phytoceuticals (e.g., secoisolariresinol, polyunsaturated fatty acids etc.) that are lacking in kodubale obtained using coconut oil. The degradation kinetics of bcarotene and polyphenols during frying were explicated well with the first order kinetic model. The physicochemical analysis of fried oils clearly demonstrated the effect of frying temperature on the health protective constituents in fried oil and product. The mass transfer coefficients of moisture loss and oil uptake for kodubale fried using CO and NCO increased with the frying temperature. However, no significant variation was observed in the texture of product fried in each oil. Based on kinetic and quality parameters, the best possible frying condition observed was 140°C for 360 s, resulting low fat (10.3%) snack food rich in polyunsaturated fatty acids (27.48%) and phytoceuticals. Therefore, the present work provides suitability to widen the scope for the use of nutra-coconut oil as frying medium for obtaining the healthy fried snack foods.
